A novel Gysel power divider with negative group delay (NGD), good matching, and low insertion loss is proposed. Resistors connected with short-circuited coupled lines (RCSCL) are shunted at output ports of the Gysel power divider to obtain NGD characteristics, and another resistor is shunted at the input port to realize perfect input and output matching. To verify the proposed structure, an NGD Gysel power divider is designed and fabricated. At the center frequency of 1.0 GHz, the measured NGD times for different output ports are − 1.94 ns and − 1.97 ns, the input/output port return loss is greater than 38 dB, the insertion loss is less than 8.3 dB, and the isolation between output ports is higher than 41 dB. To enhance the NGD bandwidth, two RCSCL networks having slightly different center frequencies are connected in parallel, which provides wider bandwidth with good input matching characteristics.
Introduction
Power dividing is widely adopted for various microwave applications such as antenna feeding networks and amplifiers [1] [2] [3] [4] . Because the branch-line hybrid coupler operating in simple power dividing needs an extra port, power dividers are used more commonly. Besides, the Gysel power divider has the advantages of high power-handling capability because of the external isolation resistors and monitoring capability for imbalances at the output ports [5] . Structure with negative group delay (NGD) characteristics has been used to enhance the efficiency of feed-forward amplifiers [6] . Usually, the time mismatch between the envelope and the RF paths in supply-modulated power amplifiers will decrease linearity [7] and cause instability [8] . NGD power dividers can be used to compensate the group delay through different transmission paths in the supply-modulated power amplifier. Recently, some NGD power dividers have been presented in [9] [10] [11] [12] . However, only one output port of these power dividers has the NGD characteristics and suffers from very high insertion loss (IL), which is more than 15 dB. erefore, a Wilkinson divider based on the shunt resistor that connected with short-circuited coupled lines is used to decrease the IL and obtain the NGD characteristics for two output ports [13] . A T-type divider based on a coupling matrix approach is presented in [14] . However, its isolation between output ports is less than 16 dB.
In this paper, a novel Gysel power divider with high power-handling capacity, good matching, low IL, and NGD characteristics is proposed. Design formulas are derived and both the theoretical and experimental results are given and discussed.
Design Theory
e schematic of the proposed NGD Gysel power divider is shown in Figure 1 . It is based on the conventional Gysel power divider, which is composed of two-section transmission lines (TLs) with the characteristic impedance of Z 01 and the electrical length of θ, two-section TLs with different characteristic impedance of Z 02 and same electrical length of θ, and a TL with the characteristic impedance of Z 03 and the electrical length of 2θ. And its output ports are, respectively, shunted by a resistor R 1 connected with short-circuited coupled lines (RCSCL) to realize the NGD characteristics. What's more, all the resistors are grounded directly or grounded by the coupled lines, which makes adequate heat sinking of the resistors possible; thus, the main powerlimiting factor caused by the resistors will be decreased significantly, and it is better than the Wilkinson power divider with the power-handling capacity of 100-watt continuous wave [5] . e short-circuited coupled lines have an equivalent characteristic impedance of Z c and electrical length of θ c . Z 0e and Z 0o are the even-and odd-mode impedances of the coupled lines, respectively, which can be expressed as
where k is the coupling factor of the coupled lines. In addition, a resistor R 2 in parallel with the input port is added to realize perfect matching with port impedance Z 0 . e evenand odd-mode equivalent circuits are shown in Figure 2 . e ABCD matrix of the even-mode circuit are derived as
with
e normalized ABCD matrix elements are obtained as
e normalized S-parameters of even-mode can be expressed as International Journal of Antennas and Propagation
Referring to Figure 2 (b), the S-parameters of odd-mode can be expressed as
en, the S-parameters of the proposed NGD Gysel power divider can be calculated by using the even-and oddmode scattering parameters as
Applying the frequency-dependent electrical length of θ � θ c � πf/(2f 0 ), the group delay (GD) τ of the proposed NGD Gysel power divider can be obtained as
For perfect matching of all the input/output ports and infinite isolation between two output ports at f 0 , the following relations are found as
Moreover, the magnitude of transmission coefficient and group delay of the proposed NGD Gysel power divider at f 0 are, respectively, found as (11) and (12) assuming
It can be found from (8), (9) , and (11), the magnitude of transmission coefficient (i.e. IL) is only controlled by R. And (9) and (12) imply that R, k, Z c , Z 02 , and Z 03 have effects on GD. Figure 3 gives the effects of R on IL and τ × f 0 of the proposed NGD Gysel power divider with Z 02 � 100 Ω, Z 03 � 100 Ω, k � 0.17, and Z c � 550 Ω. It can be observed that the maximum absolute value of NGD time at f 0 increases as R decreases from 100 to 80 Ω, but IL also increases. erefore, there is a tradeoff between the IL and NGD time. Figure 4 (a) for fixed Z c � 550 Ω, the absolute value of NGD time at f 0 increases as k decreases from 0.19 to 0.15. However, the NGD bandwidth (i.e., the bandwidth for GD less than 0 ns) will be decreased. Similarly, increased Z c leads to a larger absolute value of NGD 0.90 0.95 1.00 1.05 1.10 International Journal of Antennas and Propagation 3 time but narrower NGD bandwidth, which can be seen from Figure 4 (b). erefore, there is a tradeoff between the maximum absolute value of NGD time and the NGD bandwidth.
As shown in Figure 5 (a), the absolute value of NGD time and NGD bandwidth will be improved when Z 02 is increased. But there is a slight enhancement of the NGD time and bandwidth when Z 02 is more than 100 Ω. Figure 5 (b) shows that Z 03 influences NGD characteristics slightly.
Circuit Layout and Implementation

Power Divider with Single-Stage RCSCL Networks.
To verify the design concept of the proposed structure, an NGD Gysel power divider with single-stage RCSCL is designed with the center frequency of f 0 � 1 GHz, predefined NGD time of − 2 ns, and IL less than 9 dB. e circuit is implemented on PTFE/woven-glass substrate with a relative permittivity of 2.65 and thickness of 1.5 mm.
In the design, R is first selected as 91 Ω for IL less than 9 dB. Using (9) with R 1 � R 2 � R, Z 01 is calculated as 84.63 Ω to realize perfect input/output port matching at f 0 . Referring to Figure 5 , Z 02 is selected as 100 Ω for obtaining a larger absolute value of NGD time, and Z 03 is also selected as 100 Ω for simplicity. en, R iso is calculated as 90.1 Ω using (10). Based on Figure 4 (b), after making a tradeoff between the NGD time and the NGD bandwidth, Z c is selected as 530 Ω.
en, the coupling factor of the coupled lines is tuned with (12) to obtain the NGD time of − 2 ns and determined as k � 0.17. Using (1), even-and odd-mode impedances of the coupled line are Z 0e � 108.5 Ω and Z 0o � 77 Ω, respectively. Furthermore, the electrical length of TLs at f 0 is θ c � θ � π/2. Using the TL synthesis tool ADS Linecalc, the physical dimensions of TLs are calculated. However, optimal physical dimensions of TLs must take account of distributed capacitance effect of the strip open-ends and distributed inductance effect of via holes. erefore, the final dimensions are obtained by using the HFSS EM simulation. At last, the final dimensions of the NGD circuit are given in Table 1 , and the photograph of the fabricated NGD Gysel power divider with R 1 � R 2 � R iso � 91 Ω is given as Figure 6 . e overall circuit dimension is 82 mm × 79 mm. e simulated and measured performances of the proposed NGD Gysel power divider are shown in Figure 7 . e measured GD times at f 0 � 1 GHz for ports 2 and 3 are − 1.94 ns and − 1.97 ns, respectively. e measured NGD bandwidth of the proposed circuit is 31.3 MHz. e IL and IL bandwidth are shown in Figure 7(b) , where IL bandwidth is defined as the 3 dB variation from the center frequency IL. e IL is 8.29 dB at f 0 , and the measured IL bandwidth is 155 MHz. e return loss (RL) of input port 1 at f 0 is 44.4 dB and the RLs of output ports 2 and 3 are 38.3 dB and 40.1 dB, respectively. e measured isolation is 41.2 dB at f 0 . Furthermore, the measured amplitude imbalance and phase differences between output ports 2 and 3 are ±0.05 dB and 0.55°, respectively. e comparison of the proposed NGD Gysel power divider with other works is summarized in Table 2 . e NGD power dividers [9] [10] [11] [12] have larger NGD and IL bandwidths, but only one output port of the power divider has NGD characteristics and the IL is destructive (larger than 15 dB). Compared with [9] [10] [11] [12] [13] , the proposed NGD Gysel power divider has a much lower IL. For the NGD power divider in [14] , its isolation is poor (less than 16 dB), and it has a narrow IL bandwidth. e NGD power divider in [15] has the greatest IL bandwidth, but its output ports are not isolated (the isolation only is 1.2 dB). Except [12] , the proposed NGD power divider has a better figure of merit (FOM). e FOM is defined as
is FOM definition takes |τ(f 0 )| × BW NGD to evaluate the performance of the NGD circuit. |S 21 | and BW IL are added in the FOM for a better description of the transmission performance of the NGD circuit. At last, the relative bandwidth is introduced for a better comparison among different operation frequencies. Furthermore, the proposed power divider has the best RL performance with the smallest circuit size.
Power Divider with Parallel Connected Two-Stage RCSCL Networks.
e NGD bandwidth of the power divider can be enhanced by using parallel connected NGD networks with slightly different center frequencies. However, the parallel connected RCSCL networks will change the port impedance of the ports 2 and 3. In order to match the 50-Ω port impedance, a simple method is to insert two λ/4 impedance transformers with the characteristic impedance of Z TF , as shown in Figure 8 .
For this purpose, the RCSCL networks are designed at f 1 � 0.984 GHz and f 2 � 1.016 GHz. For simplicity, most circuit element values of the Gysel power divider are same as previous, except for the values of resistances and the characteristic parameters of the coupled lines. R a , R b , Z c , and k are selected as 41 Ω, 41 Ω, 350 Ω, and 0.28, respectively. To meet the requirement of zero reflection from three ports and infinite isolation between ports 2 and 3, R c and R d are determined as 59 Ω, and the characteristic impedance of the transformer is given as
e characteristic impedance of the impedance transformer is calculated as 36 Ω.
Taking the effect of parallel connection into consideration, the physical dimensions of the circuit are optimized using HFSS EM software. Finally, the dimensions of the NGD circuit with R a � 30 Ω, R b � 47 Ω, R c � 56 Ω, and R d � 47 Ω are given in Table 3 . e photograph of the fabricated power divider with parallel connected RCSCL networks is shown in Figure 9 . e simulated and measured performances of the NGD Gysel power divider with parallel connected RCSCL networks are shown in Figure 10 . At f 0 , the measured NGD and International Journal of Antennas and Propagation IL are obtained as − 0.5 ns and 15.5 dB. In the mean time, the measured isolation is 33.3 dB, the RL of input port 1 is 40.3 dB, and the RLs of output ports 2 and 3 are 34.6 dB and 34.3 dB, respectively. e achievable GD time is obtained as − 1.15 ± 0.65 ns with an NGD bandwidth of 62 MHz, which is wider than the power divider with single-stage RCSCL networks. Moreover, the 20-dB RL bandwidth of input port 1 is also wider. e maximum absolute value of NGD time is slightly less than the power divider with single-stage RCSCL networks, which is due to the positive GD of the impedance transformers. Furthermore, the measured amplitude imbalance between output ports 2 and 3 ranges from − 0.2 to 0.1 dB and phase difference from − 0.5 to 1.1 deg ( Figure 10(d) ). 
Conclusions
In this paper, a novel Gysel power divider with NGD characteristics was proposed, which can be easily synthesized with the prescribed NGD time and IL. e analysis results show that a resistor shunted at the input port can be used to realize perfect matching, and the IL is controlled by the resistance value. What's more, a larger coupling factor k of the coupled lines results in a wider NGD bandwidth, and a larger equivalent characteristic impedance Z c leads to a larger absolute value of NGD time. To enhance the NGD bandwidth, a Gysel power divider with parallel connected RCSCL networks was also presented in this paper. e proposed NGD power dividers have good RL, high isolation, and wide bandwidth, which can be applied to compensate group delay in microwave systems.
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